The properties and functionalities of chitosan are closely related to its degree of deacetylation (DD). This study aimed to determine the DD of chitosans, which were of identical molecular weight, by a proposed electro-analytical system based on inductive methodology. Statistically significant differences in electrical parameters, including terminal voltage (U 0 S ) and l (the ratio of primary voltage to U 0 S ) were observed among chitosans with different DDs. Both U 0 S and l were linearly correlated with the DD value, regardless of frequency, suggesting that these electrical parameters can be used to determine the DD of chitosan. More chitosan's coils contributed to higher measurement accuracy, but the change in measurement position showed no improvement. The highest linear coefficient of determination (0.9941) between DD and U 0 S was obtained by the experimental transformer with 100-turn chitosan's coils at a primary voltage of 10 V and a frequency of 400 Hz. This study explored the potential of an innovative electro-analytical system to determine the DD of chitosan.
Introduction
Chitosan is a copolymer of b-1,4-anhydroglucosamine and Nacetyl-b-1,4-anhydroglucosamine. It is produced by an alkaline N-deacetylation of chitin.
1 Due to its cationic nature, chitosan is considered one of the most important natural polysaccharides, in environmental and biomedical elds. 2 Chitosan performs diverse biological functions, such as antifungal and antimicrobial activities, 3 immune-enhancing effects, 4 antioxidant activities, 5 and wound healing properties. 6, 7 Thus, it is widely used in food production, agriculture, cosmetics, and biomedicine. 1 The above properties and functionalities are closely related to the degree of deacetylation (DD). Therefore, the determination of DD is essential for investigating their chemical structures, physical properties, and structure-properties relationships.
Various methods have been applied to determine the DD value of chitosan, including IR spectroscopy, 8 NMR spectroscopy, 9 UV spectrophotometry, 10 elemental analysis, 11 chromatography, 12 thermal analysis, 13 acid titration, 14 conductometry, 15 and potentiometry. 16 Among these methods, conductometry and potentiometry were established based on the cationic nature of chitosan. Chitosan behaves as a cationic polyelectrolyte when dissolved in an acidic aqueous solution, due to the protonation of amino groups on glucosamine units.
17
The DD of chitosan is dened as the molar percent of b-1,4-anhydroglucosamine in relation to the total b-1,4-anhydroglucosamine and N-acetyl-b-1,4-anhydroglucosamine, 11, 17 which means that the DD value is closely related to the amino group content. Changing the amount of amino content, the electrical properties of chitosan acidic solutions change correspondingly. Therefore, the DD of chitosan can be determined through electrical techniques.
Electrical parameters are widely applied for the evaluation of the quality of agro-products and food, 18, 19 interfacial property of electrolyte solutions, 20 and characterization of membranes.
21,22
Zywica et al. 23 suggested there was a linear correlation between total soluble solids in reconstituted apple juice and electrical parameters, which concluded that it is possible to evaluate the concentrations of apple purées in pulpy juices and beverages by electro-analytical method. Additionally, estimation of the quality of bighead carp (Aristichthys nobilis) during chilling storage 24 and determination of the degree of dispersion of fat globules in the homogenization process 25 have also been successfully conducted by measuring electrical parameters. However, the electrical properties of agro-product, food, and other materials are usually determined by impedance, resistance, admittance, and conductance measurements via LCR meter, network analyzer, or impedance analyzer.
Therefore, electrical parameters represent quality factors of organic materials, such as fat content, 26 fruit maturity, 27 moisture content, 28 even food adulteration. 29 However, sophisticated instruments used in the existing electro-analytic methods is costly. Thus, further studies should assess material characteristics on the basis of measurable electrical properties via a lowcost system. Based on the transformer conguration, inducedelectrical detection system was established using liquid sample as a secondary coil. According to Faraday's effect, the varying magnetic ux in the primary coil induces a varying voltage in the secondary coil (sample's coil). When primary voltage (U P ) and the ratio of primary coil turn to secondary coil turn (N P /N S ) are constant, the induced voltage (U S ) do not alter according to Ampere's circuital theorem (U S /U P ¼ N S /N P ). However, the changes in physicochemical properties of materials will affect the terminal voltage (U 0 S , output voltage) in sample's closed-loop. Therefore, it is possible to use inducedelectrical parameter U 0 S to evaluate material characteristics. Our previous examinations have conrmed that physicochemical properties of liquid food can be estimated by determination of U 0 S value 30, 31 and the induced-electrical detection system has a exible and affordable conguration compared to other electro-detection systems. However, there has been no research on the assessment of physicochemical characteristics of organic materials via measurements of induced-electrical properties by changing turns ratio and using a two-series coil. Therefore, this study aimed to explore the potential of the proposed electroanalytical method as a general technique for the evaluation of chitosan DD. The correlation between DD of chitosans and induced-electrical parameters, including U 0 S and l value (the ratio of U P to U 0 S ), was analyzed.
Materials and methods

Materials
Chitosan (DD $ 95%) and acetyl-glucosamine were of analytical grade and were purchased from Aladdin Co., Ltd. (Shanghai, China). Acetic anhydride, sodium hydroxide, phosphoric acid, methanol, ethanol, and all other analytical chemicals were manufactured by Sinopharm Chemical Reagent Co., Ltd. (Suzhou, China).
Preparation of chitosans with various DDs
Chitosans with various DDs but the same M w , were obtained by homogeneous re-acetylation, as reported by Li et al. 32 with slight modication. Chitosan (10 g) was rst dissolved in 250 mL 2% (w/v) of aqueous acetic acid solution, and then 250 mL of methanol was added and magnetically stirred for 5 min. Aer acetic anhydride was added slowly to the mixture at molar ratios of 1.05 : 1, 1.1 : 1, 1.2 : 1, 1 : 1.4 : 1, 1.6 : 1, and 1.8 : 1, respectively, acetylation was performed by continuously stirring at 25 C for 3 h. Since chitosan only dissolves in dilute acid due to its cationic nature, the re-acetylated products were separated by adjusting the solution pH to 10 with 4 mol L À1 NaOH. The obtained white precipitates were collected through ltration under vacuum and washed with 80% ethanol four times (300 mL each time) to remove the residual NaOH, unreacted reagents, and by-products. The lter cake was freeze-dried, and the obtained chitosans were used for further analysis.
DD measurement
The DDs of native and acetylated chitosans were determined using a rst-derivative UV method, in which acetyl-glucosamine was utilized as standard. 10 Chitosan (100 mg) was dissolved in 20 mL of 85% phosphoric acid followed by continuous stirring at 60 C for 40 min. One milliliter of the mixture was then taken into a volumetric ask, and deionized water was added to the solution until a volume of 100 mL was reached. The diluted chitosan solution was then heated at 60 C for 2 h and scanned using a UV-Vis spectrophotometer (TU-1900, Rayleigh Analytical Instruments, Beijing, China) under the scan mode and in the range from 220 to 190 nm. Acetyl-glucosamine (100, 200, 300, 400, and 500 mg) was weighed and added into the 100 mL 85% phosphoric acid. The solutions were then diluted with deionized water at a ratio of 100 : 1 v/v, treated at 60 C for 2 h, and scanned at wavelengths in the range from 220 to 190 nm. As a function of the concentrations of acetyl-glucosamine, a calibration curve was made by plotting the rst derivative of the UV values at 203 nm, and the DDs of the chitosans were calculated by using the calibration curve.
Electrical conductivity measurement
Chitosan solutions (0.6% wt) were prepared by slow addition of the chitosans into 1% acetic acid and stirring at 25 C for 24 h.
The electrical conductivity of the obtained solutions was measured using a conductivity meter (Mettler Toledo FE38-Meter, Zürich, Switzerland) equipped with an electrode (Mettler Toledo LE703, Zürich, Switzerland) at 25 C.
Viscosity measurement
Chitosan (1.8 g) was slowly added into a 1% acetic acid solution (300 mL), and the mixture was magnetically stirred at 25 C for 4 h. Then, the viscosity of the chitosan-acetic acid solution was determined by a DV-C rotational viscometer (Brookeld, Middleboro, USA) using a spindle s61 at 100 rpm (25 C).
Molecular weight determination
Molecular weight of chitosans was determined according to the high-pressure size-exclusion chromatography (HPSEC) method. The HPSEC separation was performed by two columns (Shodex OHpak SB-804 HQ and OHpak SB-802 HQ, Showa Denko America, Inc., New York, USA) connected in series with 0.2 mol
as the mobile phase at a ow rate of 0.6 mL min À1 . The mobile phase was ltered through a 0.45 mm syringe lter (Millipore, Billerica, Massachusetts, USA) and degassed by ultrasonic treatment for 30 min. The column effluent was analyzed using a RI detector (Hitachi RI-5450, Hitachi, Tokyo, Japan). Samples were prepared as follows: chitosan (4 mg mL À1 ) was dissolved in the mobile phase at 25 C for 24 h, and then the obtained solution
DD evaluation of chitosans based on inductive methodology
The purpose of this electro-analysis was to determine the induced-electrical properties of chitosans with various DDs via electromagnetic induction. The schematic diagram and a photograph of the system are presented in Fig. 1 . The system includes:
(1) power source (PS-6105, Taiwan Pusi Electronics Co., Ltd., Taiwan); (2) circulating water bath (MP-10C, Yiheng Technical Co., Ltd., Shanghai, China); (3) AC millivoltmeter (UT631, UniTrend Group Limited Co., Ltd., Hong Kong, China); (4) platinum electrodes; (5) circulating water chamber; (6) glass chamber; (7) silicone steel core (no. PC80, cross-sectional area of the magnetic path ¼ 40 mm 2 , length of the magnetic loop ¼ 220 mm; thickness of the magnetic path ¼ 20 mm); (8) primary coil. Copper conductor was wound on one side of the silicone steel core, acting as the primary coil (N P ¼ 100), whereas the electroconductive solution was lled in a glass spiral tube (internal diameter of 3 mm; N S ¼ 18) or a polytetrauoroethylene tube (internal diameter of 3 mm; N S ¼ 100) on the other side, acting as the secondary coil (chitosan's coil: chitosan acetic acid solution in the coil). Primary voltage applied on the primary coil generated an alternating magnetic ux in the core, leading to the induction of a voltage in the chitosan's coil. A pair of platinum electrodes connected to an AC millivoltmeter was employed to measure the U 0 S value in chitosan's coil. According to the principle of transformer (U P /U S ¼ N P /N S ), as the U P and N P /N S were xed, the U S was a constant. However, the change of impedance will affect the U 0 S in the chitosan's circuit (chitosan acetic acid solution in the closed-loop). Therefore, this relationship could be used to characterize the DD value of chitosan by measuring their inducedelectrical parameters. In this study, three electro-analytical systems, including an experimental transformer 18 (N S ¼ 18), transformer 100 (N S ¼ 100), and a two-series transformer (N S1 ¼ N S2 ¼ 18) were used. In the two-series system (Fig. 1b) , the distance between two experimental transformers (L bc ) was 200 mm.
Each chitosan (0.6% (w/v)) was prepared in 1% (w/v) acetic acid at 25 C for 24 h and injected into the coil with no air
bubble. An excitation voltage (5-50 V and 300-700 Hz) generated by an AC power source was imposed on the primary coil. The measurement temperature was 25 C. The U 0 S of the chitosan's coil were measured by an AC millivoltmeter. Another induced-electrical parameter l value was calculated. The regression models between U 0 S , l value, and DD of chitosan were established.
Statistical analysis
Data were analyzed using the DPS package (version 8.0 for Windows, Hangzhou, China), and Fisher's least signicant difference (LSD) test was applied to compare the differences between the means at 5% signicance level. The correlation between DD of chitosan and measured electrical parameters (U 0 S and l value) was determined using SPSS 16.0 soware (Pearson's test). Linear regression was performed with Excel (Microso, 2011, Redmond, USA). The accuracy of the regression equation was assessed using coefficient of determination (R 2 ) and root mean square error (RMSE).
3 Results and discussion
Physicochemical properties of chitosans with various DDs
The electrical conductivity of an electrolyte solution depends on ion concentration and its migration rate. 33 In this study, chitosan samples (1.8 g) were dissolved in a 1% (v/v) acetic acid solution (300 mL) at 25 C. The ion concentration was determined by the amount of the amino group, whereas ionic migration rate was related to the viscosity of the medium. Chitosans with identical molecular weight but differing DDs had similar viscosities (Table 1) The current system exhibits a exible conguration as the ratio of primary coil turn to secondary coil turn can be altered. Additionally, induced-electrical properties of organic materials have been investigated at various primary voltages and frequencies. 34 These mean that statistical differences among these parameters can be reduced by altering the system conguration and detection conditions.
The induced-electrical parameters of the chitosan's circuit, including U 0 S and l, were determined by transformer 18 (N S ¼ 18) at a primary voltage of 20 V and a frequency from 300 to 700 Hz. As shown in Fig. 2a , the DD value increased with the rise in U 0 S but slightly decreased with frequency augmentation for all samples. An opposite variation trend was observed in l values (Fig. 2b) respectively. Higher differences were obtained during the measurement performed at 700 Hz. Statistically signicant differences among induced-electrical parameters (U 0 S and l) of chitosans indicated that these parameters may be used as an indicator of chitosan DD.
As described before (Section 2.6), the induced voltage did not change (U P /U S ¼ N P /N S ) as primary voltage and coil turns remained constants. However, the increase in the DD of chitosan elevated the amino group content, resulting in an increase of ion concentration and a decrease of the impedance in the chitosan's coil. The reduced total impedance boosted the induced current in the chitosan's coil according to Ohm's law, in which the induced current was equal to the ratio of the induced voltage to the equivalent impedance of the chitosan's circuit. As a result, the change in DD caused variations in the U The effects of the U P on the U 0 S and l value determined by the experimental transformer 18 (N S ¼ 18) at 400 Hz are presented in Fig. 3 . The rise in U P from 5 to 50 V, led to a signicantly increase in the U 0 S of all samples. In contrast, l value was reduced as the U P increased. This result can be explained by Ampere's circuital theorem, in which induced voltage in the chitosan's coil is positively proportional to the U P . A similar result was observed in our previous study.
30,31,34
These results demonstrated the potential of U 0 S and l as indexes for the evaluation of the DD of chitosan. The correlations between U 0 S , l value, and DD were subsequently determined (Tables 2-5 ).
Relationships between DD and terminal voltage and l determined by transformer 18 system
As shown in Tables 2 and 3 , correlation and linear regression analysis of DD as a function of changes in U 0 S and l of chitosans showed that mathematical relationships described by the equation Y ¼ A AE BX were observed within the range of U P from 10 to 50 V and frequencies of 400 and 700 Hz. As the U P increased from 10 to 50 V, correlation coefficient ranged from 0.911 to 0.985 at a < 0.01, 400 and 700 Hz, revealing that the DD value can be determined based on the measurements of U 0 S and l at the tested frequencies. However, no correlation was observed between induced-electrical parameters and DD value of chitosan at a primary voltage of 5 V. Additionally, at higher U P (40 V and 50 V), correlation coefficient between the inducedelectrical parameters and DD was lower than that at lower U P , especially at 400 Hz. The reason might be the measurement error of the voltmeter and electromagnetic interference produced by the power source, affected the accuracy. When the electro-analysis was performed at low excitation voltage (5 V), induced voltage in the chitosan's coil was low (<0.6 V), and thus the effect of measurement error was obvious. At high excitation voltage (50 V), however, the electromagnetic interference was signicant. As a result, the most effective prediction model (DD ¼ 259.12U 
Relationship between DD and terminal voltage determined by transformer 100 system
With the increase in chitosan's coil turns, induced voltage in chitosan's coil increased. As a result, statistical differences among the determined induced-electrical parameters of chitosan might be increased. Therefore, a system with 100-turn coil (transformer 100) was developed to determine the DD of chitosan.
At excitation voltage from 5 to 50 V and frequency ranging from 300 to 700 Hz, the analysis between DD and U Table 2 ). The reason might be the effects of electro-magnetic interference induced by the power source on induced-electrical parameters determination decreased as chitosan's coil turns increased. Therefore, U 0 S values measured by transformer 100 system were more precise to estimate the DD of chitosan because the utilization of magnetic ux was improved. 35 
Relationship between DD and terminal voltage determined by a two-series system
As shown in Fig. 1a , U 0 S and l obtained in parts 3.3 and 3.4 were determined by a pair of platinum electrodes connected to an AC millivoltmeter. During the measurement, electrodes were inserted into the chitosan's circuit under an alternating magnetic ux. To increase measurement accuracy, the determination position was changed. As can be seen in Fig. 1b , a detection system based on a two-series coil was developed, and induced-electrical parameter U 0 bo was determined (Table 5 ). Since the mutual induction exerted less pronounced effects on the measurement point "o", correlation coefficient between U 0 bo and DD was expected to be higher. However, the R -83.147 were superior. These results were further assessed using a regression analysis of 20 samples which had DDs ranging from 55.55 to 99.83%. The correlations between reference measurements (the rst-derivative UV method) and predictions, which were obtained from optimal models, are shown in Fig. 4 . All data points have clustered closely to the blue lines along the entire range of DD-values, which means that there is no systematic error present during the predictions. 36 To better evaluate the models, residual values and RMSE were calculated. A homoscedasticity of the residual values was observed ( Fig. 4c and d) and the RMSE had values as low as 1.99% and 2.18% for the two models, respectively. Thus, the optimized regression models were suitable to predict DD of chitosan. The proposed electro-analytical method has the potential to determine physicochemical properties of organic material. 
Conclusion
In this study, we evaluated the DD of chitosan with identical M w by using inductive methodology. Induced-electrical parameters, such as U feasibility of the electro-analytical method based on magnetoelectric coupling effect for evaluation of chitosan DD.
